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Phase separation approaches using mass transfer of a co-solvent or separating agent [13] [14] [15] [16] have attracted interest as simplified routes to the fabrication of complex emulsions. In designing our new method, we use the facts that fluorocarbons are lipophobic as well as hydrophobic and that many fluorocarbon and hydrocarbon liquids are immiscible at room temperature but have a low upper consolute temperature (T c ) and mix with gentle heating 17 . Hexane and perfluorohexane, for example, have a T c of 22.65 uC (ref. 18). Our interest in fluorocarbons and their emulsions was also based on the fact that they are inert materials with unique properties that have been exploited for use as magnetic resonance imaging and ultrasound contrast agents, as artificial blood, in waterrepellent surfaces, and in the acoustically triggered release of payloads 17, 19, 20 .
To explore the feasibility of using a temperature-induced phase separation route to complex emulsions (Fig. 1a) , we emulsified a 1:1 volume ratio of hexane and perfluorohexane above T c in an aqueous solution of Zonyl FS-300 (hereafter 'Zonyl'), which is a nonionic fluorosurfactant with the linear chemical formula F(CF 2 ) x CH 2 CH 2 O(CH 2 CH 2 O) y H. Cooling below T c induced phase separation and yielded structured complex droplets (Fig. 1b) . These complex emulsions were readily produced in bulk by shaking warm hexane-perfluorohexane liquid in a surfactant solution (Fig. 1c) . Although these droplets were polydisperse, the morphology and composition of the droplets were highly uniform. Chemical partitioning during phase separation 14 gave directed compartmentalization of solutes (Fig. 1d) . Therefore, temperature-induced phase separation of liquids provides a simple, scalable approach to the fabrication of complex functional emulsions.
The morphology of the complex droplets is exclusively controlled by interfacial tension. To put this in an analytical context, consider a complex emulsion of any immiscible liquids F and H (at a given volume ratio) in a third immiscible liquid W. We choose the interfacial tensions of the H-W interface, c H , the F-W interface, c F , and the F-H interface, c FH , such that c F and c H are significantly larger than c FH . This regime is relevant to combinations of liquids H and F that have low interfacial tension just below T c . It can be shown 21 that these multiphase droplets are nearly spherical in shape and will adopt one of the following three thermodynamically permissible internal configurations: (1) liquid H completely encapsulates liquid F, (2) liquids H and F form a Janus droplet, and (3) liquid F completely encapsulates liquid H (Fig. 2a) . These droplet configurations are characterized by two contact angles, h H between the H-W and F-H interfaces, and h F between the F-W and F-H interfaces. The three interfacial tensions acting along the interfaces must be in equilibrium for the droplet configuration to be stable, as can be expressed by the following equations:
Figure 2a shows that configurations (1) and (3) are the limiting cases of configuration (2) as h H R 0 and h F R 0, respectively. Equations (1) and (2) can be used to translate these limiting contact angles into interfacial tension conditions, yielding the following two relationships:
Recast as the difference between c H and c F , equations (3) and (4) indicate that when c F 2 c H $ c FH the droplets assume configuration (1) in Fig. 2a . Conversely, when c H 2 c F $ c FH the droplets adopt configuration (3) in Fig. 2a . However, when the difference between c H and c F is of the order of c FH , the droplets adopt a Janus droplet geometry associated with configuration (2) in Fig. 2a . These physical relationships reveal that, given a low value of c FH , only slight changes in the balance of c H and c F are necessary to induce dramatic changes in the droplet's morphology. We proposed that if liquids F, H and W were fluorocarbon, hydrocarbon and water, respectively, dynamic reconfiguration of the droplets might be triggered by hydrocarbon and fluorinated surfactants 22 . Consistently, a 1:1 volume mixture of hexane and perfluorohexane in 0.1% Zonyl generated hexane-inperfluorohexane-in-water (H/F/W) double emulsions ( Fig. 1) , indicating a preferential decrease in c F . In comparison, emulsification of the same hexane-perfluorohexane mixture in water containing 0.1% sodium dodecyl sulphate (SDS, an anionic hydrocarbon surfactant), yielded F/H/W double emulsions as a result of a preferentially decreased c H . When we introduced a small volume of 10% Zonyl into F/H/W droplets in 0.1% SDS, we observed that the droplet morphology dynamically changed in accordance with the concentration gradient of Zonyl. Droplets first passed through a spherical Janus drop morphology before inverting to H/F/W double emulsions ( Fig. 2b and Supplementary Video 1). The reverse was seen when concentrated SDS was added to 0.1% Zonyl-stabilized droplets (Supplementary Video 2). These results suggest that not only is droplet morphology highly controllable on initial emulsification, by the choice of surfactants, but that these emulsions are also dynamically and reversibly reconfigurable by changing the balance of c F and c H .
To validate the proposed dynamic mechanism, we measured the tensions of hexane-water (c H ) and perfluorohexane-water (c F ) interfaces for a variety of 0.1% SDS and 0.1% Zonyl ratios using the pendant-drop method (Methods, Extended Data Fig. 1 and Extended Data Table 1 ). The perfluorohexane-hexane interfacial tension, c FH , has been estimated previously 23 and is in general agreement with our c FH estimates based on geometrical analysis of the Janus drops produced (Methods, Extended Data Fig. 2 and Extended Data Table 2 ). We can use the quantity c F 2 c H as a simple indicator of droplet configuration, and this quantity is plotted as a function of surfactant ratio in Fig. 2c . When only 0.1% SDS was used (f SDS 5 1), we measured c F 2 c H . c FH and observed complete encapsulation of perfluorohexane by hexane. In a mixed SDSZonyl composition, the trajectory entered the narrow green zone (Fig. 2c) corresponding to jc F 2 c H j , c FH . Within this Janus droplet configurational zone, the droplet morphology began to 'flip' as visualized in Fig. 2d . As the proportion of 0.1% SDS approached zero and fluorosurfactant dominated, the trajectory left the Janus zone and the droplets assumed a configuration in which hexane was encapsulated by perfluorohexane. Overall, the observed droplet geometries closely followed the predicted morphological trend and confirm that variations in hydrocarbon and fluorinated surfactants are effective for the manipulation of the balance between c F and c H . 
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This understanding has made it possible for us to induce droplet morphological transitions with stimuli-responsive and cleavable surfactants (Fig. 3a) . Responsive surfactants 24 undergo reversible changes in their effectiveness 25 when triggered by stimuli such as magnetic fields, pH, CO 2 or light. To create optically sensitive droplets, we synthesized a light-responsive surfactant 26 consisting of an azobenzene moiety that reversibly undergoes a photo-induced isomerization between a more effective trans configuration and a less effective cis configuration ( , sodium 2,2-bis(hexyloxy)propyl sulphate, in conjunction with Zonyl. The results shown here demonstrate the versatility of the complex fluorocarbon-hydrocarbon droplets' response to a wide range of stimuli.
Liquid droplets and solid particles with asymmetric properties were created by effecting different chemistries in the separate compartments of a fluorocarbon-hydrocarbon, or more generally fluorous-organic, Janus droplet. To create directionally orientable and movable liquid Janus droplets, we synthesized magnetic Fe 3 O 4 nanoparticles stabilized with oleic acid for preferential partitioning into the organic phase. Janus droplets with hemispheres of ethyl nonafluorobutyl ether (the fluorous phase) and dichlorobenzene with Fe 3 O 4 (the organic phase) were rapidly oriented and moved in the direction of a magnet (Fig. 4a) . To generate solid hemispherical particles, we polymerized an emulsion consisting of a liquid polymer precursor, 1,6-hexanediol diacrylate, as the organic phase and methoxyperfluorobutane as the fluorous phase (Fig. 4b) . By replacing methoxyperfluorobutane with a fluorinated acrylate oligomer and crosslinker, we created spherical solid Janus particles with fluorinated and non-fluorinated sides (Fig. 4c) .
The same principles of droplet transformations observed in threephase emulsions were extended to a four-phase system, thereby generating reconfigurable droplets of even higher-order complexity. We designed a system comprised of silicone oil (Si), hydrocarbon oil (H, mineral oil and octadecane) and fluorinated oil (F, ethyl nonafluorobutyl ether) such that the liquids mixed when heated and separated into three phases at room temperature (20 uC). Systematically varying ratios of 1% Zonyl and 1% SDS aqueous surfactant solutions caused droplets to assume morphologies combining both Janus configurations (indicated Figure 3 | Emulsions reconfigure in response to light and pH. a, Sketch of how the variations in c F and c H induced by alterations in the effectiveness of a hydrocarbon surfactant translate into differences in drop morphology on a phase-stability diagram. Grey represents hexane and white represents perfluorohexane. b, Chemical structure of the light-responsive surfactant which reversibly isomerizes under ultraviolet (UV) and blue light between the more effective trans form of the surfactant (left) and the less effective cis form (right). Aligned beneath are optical micrographs of hexane-perfluorohexane emulsions that are tuned to undergo specific morphological transitions in response to light. Hexane is dyed red, and the aqueous phase consists of Zonyl and the light-responsive surfactant pictured. Top: droplets undergo complete inversion. Middle: F/H/W double-emulsion drops transition to Janus droplets. Most droplets are viewed from the top, but one is lying on its side allowing a view of the droplet profile. Bottom: Janus droplets transition to an H/F/W double emulsion. Scale bar, 100 mm. c, A pH-responsive surfactant, N-dodecylpropane-1,3-diamine, is used in combination with Zonyl to create pH-responsive droplets. Acid diffuses through the solution from right (higher concentration) to left (lower concentration), reducing the pH below pK a 5 4.7 and thereby generating a less effective surfactant 30 and inducing inversion of the emulsion from F/H/W to H/F/W. Scale bar, 100 mm. d, Emulsions stabilized by a combination of Zonyl and acid-cleavable surfactant, sodium 2,2-bis(hexyloxy)propyl sulphate 28 , undergo morphological changes as the cleavable surfactant is degraded over time at pH 5 3. Scale bar, 50 mm.
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using 'j') and encapsulated configurations (indicated using '/') ( Fig. 4d) . For example, a triple emulsion H/Si/F/W was formed in 1% Zonyl, but in a 3:2 ratio of 1% Zonyl:1% SDS we observed a Janus configuration between the fluorous and silicone phases while the hydrocarbon phase remained encapsulated in the silicone phase, H/SijF/W. As the proportion of SDS increased, the droplet passed through Janus droplet and mixed Janus-encapsulated droplet configurations before inverting to the reverse triple emulsion (F/Si/H/W) in 1% SDS.
Complex droplets of controllable composition and dynamic reconfigurable morphology provide a new active element for novel and existing applications of emulsions. The fabrication method and the dynamic mechanism presented are general and can be broadly applied using a wide variety of chemicals, materials and surfactants well beyond the initial demonstrations described here. Droplets triggered by environmental stimuli could be used, for example, to target the release of drugs at tumours, to induce changes in colour or transparency for camouflage, as vehicles for the sequestration of pollutants, as tunable lenses, or as sensors. Emulsions with the characteristic ability to selectively 'present' and 'hide' specific liquid interfaces and controllably alter droplet morphology and symmetry will find abundant applications.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. . Synthesis of the fluorinated crosslinker. To synthesize the fluorinated crosslinker 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecane-1,10-diyl bis(2-methylacrylate), a mixture of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluorodecane-1,10-diol (10 g, 22 mmol, 1 equiv.), methacrylic acid (20 ml, 240 mmol, 11 equiv.), 2,6-di-tert-butyl-4-methylphenol (200 mg, 0.9 mmol, 0.04 equiv.) and sulphuric acid (0.1 ml, 18 M) in toluene (250 ml) was heated to reflux with azeotropic removal of water (Dean-Stark trap). After three days, the mixture was cooled to room temperature and washed with saturated aqueous sodium bicarbonate (3 3 300 ml). The toluene was dried with MgSO 4 and evaporated. The remaining residue/product was dissolved in perfluorohexanes (150 ml) and filtered. The filtrate was evaporated to yield 7.81 g of colourless liquid (13.1 mmol, 61% yield). Fig. 4 for reaction scheme and NMR spectra. General fabrication of complex emulsions. The hydrocarbon and fluorocarbon liquids of choice were heated until miscible and emulsified. The temperature required varied depending on the solutions. Solutions were emulsified either in bulk by shaking or by coaxial glass capillary microfluidics and cooled to induce phase separation. For hexane-perfluorohexane emulsions, the emulsions were chilled on ice before imaging and often imaged while immersed in a cool water bath to maintain a temperature below 20 uC. For microfluidics, Harvard Apparatus PHD Ultra syringe pumps were used to inject the outer phase and inner phase using a glass capillary microfluidic device made from an outer square capillary (outer diameter, 1.5 mm; inner diameter, 1.05 mm; AIT Glass) and inner cylindrical capillary (outer diameter, 1 mm; World Precision Instruments) pulled to a 30 mm tip using a P-1000 Micropipette Puller (Sutter Instrument Company). The microfluidic set-up was heated above the T c of the inner phase solution using a heat lamp. Emulsions were then cooled below T c to induce phase separation. Emulsions were observed to be stable during the time periods used (of the order of days). Longer-term stability experiments were not conducted. Measurement of interfacial tensions. Interfacial tension measurements were made using the pendant-drop method (ramé-hart Model 500 Advanced Goniometer). Measurements on a drop were taken every 5 s until the interfacial tension appeared to be nearing equilibrium or the droplet became unstable. The hexanewater interfacial tension was measured to be 50 mN m 21 and the perfluorohexanewater interfacial tension was measured to be 55 mN m
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RESEARCH LETTER

21
. Microscopy. Lateral confocal cross-sections of the droplets were imaged using a Nikon 1AR ultrafast spectral scanning confocal microscope. Scanning electron microscopy was conducted on gold-sputtered samples with a JEOL 6010LA scanning electron microscope. Fluorescence and bright-field images were taken with a Zeiss Axiovert 200 inverted microscope equipped with a Zeiss AxioCam HRc camera. Droplets typically orient themselves with the denser, fluorous phase downward. To take side-view images of the drops, emulsions were shaken to induce the drops to roll around while images were made with a 1 ms exposure. Fabrication of magnetic Janus droplets. Magnetite nanoparticles were made as follows: 25 ml of concentrated NH 3 OH was added to an acidified solution of 1.6 g of FeCl 3 and 1 g of FeCl 2 ?4H 2 O in 50 ml of water at 80 uC. The magnetite nanoparticle precipitate was collected with a magnet, washed with water and redispersed. One gram of sodium oleate in 10 ml of water was added while stirring at room temperature. The oily black precipitate was extracted with hexanes. The solid was collected by evaporation of solvent, and was subsequently redispersed in dichlorobenzene. Janus droplets were obtained by heating the nanoparticle-dichlorobenzene solution and ethyl nonafluorobutyl ether above T c and shaking in 0.2% SDS and 0.2% Zonyl in a 2.5:1 ratio. The drops were oriented using a neodymium magnet. Fabrication of light-responsive emulsions. Hexane dyed with Sudan Red 7b and perfluorohexane in equal volumes were used as the inner phase, and a mixture of 0.1% light-sensitive surfactant and 0.1% Zonyl FS-300 in an 8:2 ratio was used as surfactants in the aqueous phase. Slight adjustments to the surfactant concentrations were made during imaging to tune the droplet morphological transitions to achieve the desired outcome; for example, more Zonyl was needed to generate droplets that transitioned from a Janus droplet to a hexane-perfluorohexane-water double emulsion. A mercury lamp was used as the intense light source, and DAPI and FITC filters were used to selectively allow ultraviolet (l 5 365 nm) and blue (l 5 470 6 20 nm) light to reach the sample while imaged on an inverted microscope. Fabrication of reversibly responsive pH-sensitive emulsions. Hexane and perfluorohexane in equal volumes were emulsified in a solution of 2 mM N-dodecylpropane-1,3-diamine and 1.2% Zonyl in 0.2 M NaCl. Salt solution was used to control for effects of ionic strength on the emulsion morphology. The pH was adjusted to above and below pH 4.7 by addition of HCl and NaOH. Fabrication of emulsions using an acid-cleavable surfactant. Hexane and perfluorohexane in equal volumes were emulsified in a solution of 0.3% sodium 2,2-bis(hexyloxy)propyl sulphate and 0.4% Zonyl in 0.1 M NaCl. The pH was adjusted to 3 using HCl and the solution was allowed to sit undisturbed on the inverted microscope stage while images were periodically made over an hour. Fabrication of hemispherical particles. 1,6-hexanediol diacrylate with 4% Darocur 1173 photo-initiator was heated with an equal volume of methoxyperfluorobutane above T c and emulsified. 1% SDS and 1% Zonyl in a 3:2 ratio yielded Janus droplets which were then polymerized under a Dymax Blue Wave 200 ultraviolet lamp while kept cold on ice. Fabrication of fluorous-hydrocarbon Janus particles. Fluorinated acrylate oligomer, fluorinated crosslinker, 1,4-butanediol diacrylate and trimethylolpropane ethoxylate triacrylate were used in a volume ratio of 15:3:14:10. 5% Darocur 1173 was used as the photo-initiator. The inner phase mixture was heated above T c , emulsified in 1% SDS and polymerized with ultraviolet light over ice. Fabrication of four-phase emulsions. Light mineral oil with 20 wt% octadecane (used to reduce T c in a mixture with the other liquids), silicone oil and ethyl nonafluorobutyl ether were used as the inner phases in a volume ratio of 6:7:13. The mineral oil and ethyl nonafluorobutyl ether both partition into the silicone oil such that on phase separation the silicone oil phase is enriched with some quantity of the two other phases. Aqueous mixtures of varying ratios of 1% Zonyl and 1% SDS were used as the outer phase, and emulsions were formed in bulk by shaking. Estimation of equilibrium interfacial tensions in the presence of surfactants. Experimentally, it proved difficult to measure the interfacial tensions with the pendant-drop method accurately for very long periods of time while maintaining a stable drop volume because surfactant continued to adsorb at the droplet interface, further reducing the already low interfacial tensions. Therefore, it is likely that the final interfacial tensions,ĉ, recorded for the hexane-water interface and, respectively, the perfluorohexane-water interface for different surfactant compositions, f SDS , as illustrated in Extended Data Fig. 1a , are not the equilibrium interfacial tensions, c eqb , for that system. In the absence of additional experimental data for long time scales, we used theories of dynamic interfacial tension to estimate c eqb .
Rosen suggested 33 that the dynamic interfacial tension of surfactants could be accurately modelled using an empirical model of the form
where c 0 5 c(t 5 0) and t* and n are positive, empirically determined constants. The value of n depends on the type of surfactant and the interface considered, as well as on the concentration of the surfactant, and must therefore be independently determined for every set of experimental conditions. The constant t* is the half-life of the interfacial tension decay process-it is the time taken for the difference, Dc 5 c(t) 2 c eqb to decrease to half its initial value. The three unknown model parameters (c eqb , t* and n) can be determined from a least-squares fit of equation (5) to the experimental dynamic interfacial tension data. The measure of the 'goodnessof-fit' of equation (5) to the experimental data is quantified by the coefficient of determination, or R 2 , value 34 . The closer this value is to 1, the better the fit. An example of the fit of the model to the dynamic interfacial tension data is shown in red in Extended Data Fig. 1a . The parameter results of using equation (5) to fit the interfacial tension data for all the surfactant systems considered are presented in Extended Data Table 1. The smallest value of R 2 obtained for the experimental data across all the systems studied was 0.909, indicating very good agreement between the predictions made using equation (5) and the experimental data generated using the goniometer.
The resulting extracted values of c eqb have been used to plot the variation in the interfacial tensions c H and c F as a function of the 0.1% SDS fraction, f SDS , in Fig. 2 
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and Extended Data Fig. 1b . We note that some droplets fall just outside the designated Janus region. Discrepancies may be due to our inability to measure and estimate the equilibrium interfacial tensions with the 0.1 mN m 21 accuracy required, or there may be slight mixing of hexane and perfluorohexane in the droplets, which would alter the interfacial tensions relative to those of the pure liquids. Estimation of c FH from the analysis of Janus droplet images. Bulk mixtures of hexane and perfluorohexane have an upper consolute temperature, T c , of approximately 22 uC, with a critical density of 1.14 g cm 23 and a volume ratio very close to 1:1 (ref. 18). The interfacial tension of the hexane-perfluorohexane interface at temperatures close to (but below) this upper consolute temperature is close to zero, and, consequently, it is difficult to measure accurately using conventional laboratory techniques such as pendant-drop or Du Nuoy ring tensiometry. The best estimate in the physical chemistry literature comes from the predictions of a model for capillary fluctuations at an interface fitted to X-ray reflectivity measurements . We were unable to find other experimental data in the literature to support this estimate. However, given the equilibrium interfacial tension values and images of the resulting Janus droplets, it was possible to also estimate c FH for our system.
The relationships between the shapes of Janus droplets and the ratio of the volumes of the two constituent phases, k, and the relative magnitudes of the interfacial tensions operating at the various interfaces of the droplet have been examined in ref. 21 . The theoretical treatment there can be used to relate the radii of curvature of the F-H, H-W and F-W interfaces to the volume ratio and the interfacial tensions c H , c F and c FH :
Given the interfacial tension values at the H-W and F-W interfaces (c H and c F , respectively), equation (7) can be used to determine c FH if we can independently calculate the three radii of curvature R H , R F and R FH .
The shape of a typical hexane-perfluorohexane Janus droplet in water is illustrated in Extended Data Fig. 2a . The droplet's interfaces are spherical arcs with different radii of curvature (denoted by R H , R F and R FH ). Furthermore, the line of contact between the two phases on the outer (water-facing) surface of the droplet is a circle whose diameter, D, is indicated by the dotted line in Extended Data Fig. 2a From the definition of the volume ratio, k, between the hexane and perfluorohexane phases, it follows that:
The volume of a spherical cap, V cap (r, d), can be calculated using the principles of elementary three-dimensional geometry 35 . Knowledge of the values of k, R H , R F and D allows us to solve equation (8) for the radius of curvature of the F-H interface, R FH . Equation (7) can then be used to solve for the missing interfacial tension, c FH .
The two radii of curvature, R H and R F , and the diameter, D, of the circle of contact can be computed by analysing the images of the Janus droplets. A schematic of the analysis process is shown in Extended Data Fig. 2c-e. A raw image of a Janus droplet (Extended Data Fig. 2c ) is first subjected to the Canny edge-detection algorithm 36 based on the non-normalized contrast, with a Gaussian kernel radius of 2.0 and low and high thresholds of 2.0 and 7.0, respectively. This procedure results in the detection of the outer (water-facing) interfaces of the Janus droplet as shown in Extended Data Fig. 2d . Arcs corresponding to the H-W and F-W interfaces are then selected by visual inspection and fitted to circles using Taubin's algorithm 37 . These arcs and their fitted circles are depicted as blue and red circles (with green dots for centres) in Extended Data Fig. 2e . The radii of these two circles correspond to the radii of curvature, R H and R F , of the H-W and F-W interfaces, respectively. The diameter, D, of the circle of contact between the hexane and perfluorohexane phases is calculated as the minimum separation between the points lying between the arcs chosen to represent the H-W and F-W interfaces. This line of minimum separation is shown in Extended Data Fig. 2e . Image preprocessing and edge detection were performed in ImageJ v1.48, and the circle-fitting and interfacial tension calculation was performed in MATLAB.
This droplet analysis was performed for six Janus droplets, three from each of the two conditions f SDS 5 0.4 and f SDS 5 0.6. The interfacial tensions obtained are tabulated in Extended Data Table 2 . The values of c FH do not vary significantly between the two sets of surfactant systems, which is consistent with our expectation that c FH is at best only weakly affected by the composition of the surfactant. The average value of c FH deduced from this analysis is 1.07 6 0.1 mN m
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. We note that accurately determining the interfacial tensions through the radii of curvature of the interfaces of the droplet is feasible only in the absence of fluid flow around the complex emulsion droplets. The presence of such a flow, even at low shear rates, leads to a deformation of the surface area of the droplet, causing local gradients in surfactant concentration and inducing Marangoni stresses 38 . The interplay between these effects ultimately determines the interfacial tensions at any point on a complex emulsion droplet. Higher shear rates can dramatically disrupt droplet stability, leading to the fragmentation of the complex emulsion and the release of the encapsulated phases-a phenomenon whose onset has been examined in detail by theoretical 39 and experimental 40 studies.
